Purpose Mosaicism is a prevalent characteristic of human preimplantation embryos. This retrospective cohort study aimed to investigate pregnancy outcomes after transfer of mosaic or euploid embryos. Methods The embryos, which had been transferred as Beuploidy,^were processed using array-based comparative genomic hybridization (aCGH). The original aCGH charts of the transferred embryos were reanalyzed. Mosaic and control euploid embryos were defined according to log2 ratio calls. Results Overall, 102 embryos were determined to be mosaic, of which 101 were estimated to harbor no more than 50% aneuploid mosaicism. Additionally, 268 euploid embryos were matched as controls. The rates of live birth (46.6% vs. 59.1%, odds ratio (OR) 0.60, 95% confidence interval (CI) 0.38-0.95), and biochemical pregnancy (65.7% vs. 76.1%, OR 0.60, 95% CI 0.37-0.99) per transfer cycle were significantly lower after mosaic embryo transfer than after euploid embryo transfer. The rates of clinical pregnancy and pregnancy loss and the risks of obstetric outcomes did not differ significantly between the two groups. Conclusions Compared with euploid embryo transfer, mosaic embryo transfer is associated with a lower rate of live birth, which is mainly attributed to a decreased rate of conception. However, as mosaic embryo transfer yielded a live birth rate of 46.6%, patients without euploid embryos could be counseled regarding this alternative option.
Introduction
Embryonic mosaicism, a condition in which two or more chromosomally constitutional distinct cell lines present within an embryo, is a prevalent characteristic of human preimplantation embryos [1] [2] [3] . Mosaicism mainly results from mitotic errors during post-zygotic cell division, including alterations to cell cycle checkpoints, aberrations of the centrosome, and a failure of chromatid cohesion [4] . Mosaic embryos can be divided into three main categories by cell composition: (1) diploid/polyploid mosaics, which contain polypoid cells; (2) aneuploid mosaics, which contain different aneuploid cell lines without diploid cells; and (3) diploid/aneuploid mosaics, which contain both diploid and aneuploid cell lines [5] .
Presumably, mosaicism has varied effects on embryonic development. Aneuploid cells in mosaic embryos are not oriented to differentiate into the inner cell mass (ICM) or trophectoderm [6] [7] [8] . Polyploid cells in embryo are considered a natural process during embryonic development [9] .
Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10815-018-1322-2) contains supplementary material, which is available to authorized users.
Aneuploid mosaics have no potential for further development due to a lack of diploid cells. By contrast, diploid/aneuploid mosaics contain diploid cells and may thus implant and develop to the infant stage. Previous researches suggest that mosaicism is related to miscarriage, fetal malformation and adverse perinatal outcomes [10] [11] [12] [13] .
Array-based comparative genomic hybridization (aCGH) has been widely used in preimplantation genetic testing (PGT) [14] [15] [16] . This high-throughput technology provides high-resolution data and allows the simultaneous detection of all 24 chromosomes [14, [17] [18] [19] . In addition to whole-chromosome aneuploidy, aCGH can be used to detect segmental abnormalities and translocations [20] . Along with trophectoderm biopsy, aCGH can identify blastocyst stage embryos as either euploid and thus suitable for subsequent transfer, or aneuploid, which have little or no reproductive potential.
Recent studies have reported that aCGH and emerging next-generation sequencing (NGS) methodologies may distinguish uniform aneuploidies from mosaic diploid/aneuploid aneuploidies in trophectoderm samples biopsied from blastocysts [13, [21] [22] [23] . Additionally, a case series reported the births of healthy babies after mosaic embryo transfer [21] . However, studies have shown that compared with euploid embryo transfer, mosaic embryo transfer yields poorer pregnancy outcomes, particularly in cases involving whole chromosome mosaics and embryos with three or more mosaic chromosomes [22, 23] . Furthermore, a prospective study showed that mosaic blastocysts containing more than 50% aneuploid cells yielded significant reductions in pregnancy outcomes when compared with euploid blastocysts, whereas mosaics with less than 50% aneuploidy yielded similar clinical outcomes as euploid blastocysts [24] .
In this retrospective study, we re-analyzed the aCGH plots of blastocysts that were initially designated as euploid transfers after PGT in our center and categorized these entities into mosaic and control euploid groups according to their log2 ratio. Accordingly, we were able to compare the outcomes of assisted conception and obstetrics between the two groups.
Materials and methods

Study population
This retrospective study was conducted by re-analyzing the aCGH plots of blastocysts detected between January 2013 and June 2016 at the Reproductive Center of Shandong Provincial Hospital, an academic hospital. Patients who underwent PGT included the following: (1) couples with chromosomal abnormalities, such as maternal or paternal numerical or structural chromosomal abnormality, including reciprocal translocations, Robertsonian translocations and inversions, or those with a history of chromosomally abnormal pregnancy; (2) patients with unexplained recurrent miscarriage (uRM) defined as a history of two or more clinical pregnancy losses without known reasons; (3) patients with repeated implantation failure (RIF) defined as a failure to achieve clinical pregnancy after three or more embryo transfer cycles; (4) couples with an advanced maternal age (AMA), defined as a female partner older than 35 years.
Ethical approval for the use and analysis of information and data from patients who underwent PGT was obtained from the Institutional Review Board of Reproductive Medicine, Shandong University.
Array-CGH procedure and frozen embryo transfer
The protocols for ovarian stimulation were described previously [25] . Intracytoplasmic sperm injection (ICSI) was performed after oocyte aspiration. On day 5 or 6, the blastocysts were graded according to the Gardner blastocyst morphologic scoring system [26] . Approximately 4-6 trophoblast cells were biopsied from good-quality blastocysts [25] by lasermediated drilling, after which the blastocysts were vitrified and saved. Following whole-genome amplification (WGA) of the biopsied trophoblast samples, PGT was performed in the molecular laboratory of the center using 24sure microarrays (Illumina, Inc. San Diego, CA, USA) according to the manufacturer's protocol. BlueFuse Multi (BFM) software was used to analyze hybridization images produced by a microarray scanner (InnoScan 900). Previously, an Baneuploid^result was defined as a specific chromosome ratio greater than + 0.3 log2 ratio, indicating trisomy, or a log2 ratio of less than − 0.3, indicating that monosomy. A Beuploid^result was defined as chromosome ratios within ± 0.3 log2 ratio calls. After endometrial preparation, one frozen euploid embryo was thawed per transfer. Luteal-phase support was continued until 10 weeks after conception.
Re-analysis of aCGH results
Mosaicism was ascertained from the aCGH results of mixed aneuploid/euploid cells. Briefly, euploid (46,XX) and aneuploid (47,XX,+ 9 or 46,XY,-9) cells were mixed at different ratios and processed by aCGH after WGA by Greco et al. [21] . When re-analyzing the original BFM plots of previously transferred Beuploid embryos,^a mosaic embryo was defined as a chromosomal ratio level exceeding 20% of the aneuploid cells. Meanwhile, the log2 ratios of the autosome clones (beside the mosaic signal parts) clustered tightly around the 0 line, with a standard deviation (SD) within 0.1. The log2 ratio of the mosaic parts (both whole and segmental chromosomes) clearly deviated from the 0 line, with a SD within 0.1. The euploid embryo control group was defined as the log2 ratio of all autosome clones clustered tightly around the 0 line, with a SD within 0.1 (Fig. 1) . Pregnancy outcomes were compared between cases receiving mosaic embryo and control euploid embryo transfers.
Study outcomes
Biochemical pregnancy was defined as a human chorionic gonadotropin level exceeding 10 mIU/ml at 12 days after blastocyst embryo transfer. Clinical pregnancy was defined as the detection of a gestational sac by transvaginal ultrasound at 32 days after embryo transfer. Beyond 12 weeks of gestational age, the patients were seen at the local obstetric clinic. A follow-up was performed by telephone at 6 weeks after the expected date of delivery. Live birth was defined as the birth of a viable infant after 28 complete weeks of gestational age.
Statistical analysis
Continuous data were represented as means ± SD and were compared between groups using the independent-samples t test. Categorical data were expressed as frequencies with percentages and compared between groups using the chisquare analysis. A P value < 0.05 was defined as statistically significant. All analyses were performed using SPSS software, version 23 (IBM Corp., Armonk, NY, USA).
Results
After a retrospective re-analysis of the transferred embryos, 102 were determined to be mosaic. An additional 268 embryos were re-confirmed as euploid and served as the matched control group. Detailed data of the mosaic embryos are listed in Supplementary Table S1 . In summary, 62 embryos were only whole chromosome(s) mosaic, 28 were only segmental mosaic, and 12 were both whole chromosome(s) and segmental mosaic. Furthermore, 101 of 102 mosaic embryos exhibited less than 50% aneuploidy; the remaining embryo was 80% segmental mosaic.
These 102 mosaic embryos were transferred to 97 patients, and the 268 control embryos were transferred to 251 patients. The baseline characteristics of the patients in the two groups (Table 1) . Similarly, the endometrial thickness before embryo transfer and Gardner grading of blastocysts did not differ between the groups (Supplementary Table S2 ).
The live birth rate per transfer cycle was significantly lower in the mosaic embryo group than in the control group (46.6% vs. 59.1%), with an odds ratio of 0.60 (95% confidence interval [CI], 0.38-0.95; P = 0.03). The biochemical pregnancy rate was also significantly lower in the mosaic embryo transfer group than in the control group (65.7% vs. 76.1%), with an odds ratio of 0.60 (95%CI, 0.37-0.99, P = 0.043). There were no significant between-group differences in the rates of clinical pregnancy or pregnancy loss (Table 2) .
In subgroup analysis, the live birth rate was significantly lower after the transfer of only whole chromosome(s) mosaic embryos than after the transfer of euploid embryos (43.5% vs. 59.1%, P = 0.026). However, the rate of live birth did not differ significantly after the transfer of only segmental mosaic embryos vs. the transfer of euploid embryos (48.3% vs. 59.1%, P = 0.26) ( Table 3) .
No significant differences in birth weight or risk of preterm delivery, gestational hypertension, gestational diabetes mellitus, or congenital anomaly were observed between the mosaic embryo transfer and euploid embryo transfer groups (Table 4) .
After clinical pregnancy was established, three patients who received mosaic embryo transfers underwent amniocentesis, which yielded normal karyotypes. All infants were found to be healthy after a detailed physical examination performed by a local pediatrician after delivery.
Discussion
In this retrospective cohort study, the live birth rate was significantly lower after mosaic embryo transfer, compared with euploid embryo transfer. As the pregnancy loss rates were similar between the groups, the lower biochemical pregnancy rate associated with mosaic embryo transfer probably explains the difference in live birth rates. This is supported by the finding that once implantation had been established, the live birth rates and obstetric outcomes did not differ significantly between the mosaic embryo and control groups. In brief, live birth could be achieved successfully after mosaic embryo transfer.
Our study revealed that 46.4% of mosaic embryos yielded a live birth outcome, consistent with the 40% ongoing implantation rate reported in a previous study [23] . In that multicentric study, the implantation rates (embryos implanted/transferred) and ongoing implantation rates (ongoing pregnancies/embryos transferred) were higher and the fetal loss rates (embryos lost/implanted) were lower after euploid embryo transfer, compared with mosaic embryo transfer. Meanwhile, another retrospective study that adopted a research strategy identical to ours reported that the pregnancy outcomes did not differ between the groups [27] .
One prospective study found that mosaic blastocysts containing more than 50% aneuploid cells yielded significant reductions in pregnancy outcomes when compared with euploid blastocysts. By contrast, mosaics with less than 50% aneuploidy had similar clinical outcomes as euploid blastocysts [24] . In our study, 101 of 102 mosaic blastocysts had estimated Notably, the pregnancy outcomes of embryo transfer did not differ between cases implanted with only segmental mosaic embryos vs. euploid embryos. However, the live birth rate decreased significantly after the transfer of only whole chromosome(s) mosaic embryos, consistent with a study by Fragouli and colleagues [22] . In another study, separate trophectoderm and ICM analyses revealed that all initial segmental mosaic embryos with confirmed normal ICM had normal or mostly normal trophectoderm results, compared with 25% of embryos initially identified as whole chromosome(s) mosaics [28] . In other words, only segmental mosaic embryos were more likely to be euploid embryo intrinsic than were whole chromosome(s) mosaic embryos, and this difference resulted in significantly different outcomes after transfer.
It remains unclear why mosaic embryo transfer can yield a healthy newborn. However, cell and animal experiments may provide some clues. Compared with euploid cells, aneuploidy altered both gene expression and cellular metabolic properties, leading to impaired cell proliferation and changes in cell volume [29, 30] . One study showed that diploid human embryonic stem cells (HESC) could be derived from mosaic embryos in vitro [31] . During this derivation process, the percentage of aneuploid cells decreased and vanished, and euploid cells became dominant in the culture. In a mouse experiment, the proportions of aneuploid cells in mosaic embryos decreased progressively, and aneuploid cells of different lineages exhibited different fates [32] . During blastocyst development, aneuploid cells originating from the ICM lineage were eliminated by apoptosis, whereas those in trophectoderm lineage exhibited severe proliferative defects. Accordingly, mosaic embryos containing sufficient proportions of euploid cells are fully able to yield healthy progeny [32] . Technique artifacts may also explain why mosaic embryos can yield a healthy newborn [33, 34] . When ICM and multiple trophectoderm samples from embryos with diploid/aneuploid mosaic results in the original trophectoderm biopsy were retested separated, both the ICM and trophectoderm from five of eight embryos were identified as normal euploid [35] . Mathematical models have shown that a single biopsy of five to ten cells cannot be considered representative of the whole blastocyst [36] . Therefore, cases with altered log2 ratios should be subjected to a second biopsy to conform true mosaicism [37] .
A mosaic embryo is not a specific characteristic of the PGT procedure. Rather, such entities are prevalent among preimplantation embryos, including those generated via in vitro fertilization and ICSI. After a single blastocyst transfer, cytogenetic analyses of the retained products of conception after a missed abortion found that 1.1% of these cases involved mosaicism [38] . In a retrospective large-scale analysis of chorionic villi (CV) samples, 2.18% of all cases were mosaic, and a follow-up amniocentesis revealed that mosaicism was confined to the placenta in 87% these cases, leaving the incidence of true fetal mosaicism being 13% [39] . However, the pregnancies were advised to undergo CV sampling or amniocentesis because of indications such as fetal ultrasound anomalies or positive first-trimester screening.
Our study showed that despite a decreased live birth rate, 46.6% of mosaic embryo transfers resulted in healthy infants. Therefore, patients with only mosaic embryos could be advised through comprehensive counseling to transfer these embryos rather than initiate a new ovarian stimulation cycle [40] .
There were some limitations in this study. First, we reanalyzed aCGH plot results, rather than NGS results. Recently, NGS has been introduced into PGT for aneuploidy because of its increased resolution [41] . When compared with aCGH, NGS provided a 100% concordance rate with the results of 24-chromosome aneuploidy diagnosis [42] . Furthermore, NGS appears better able than aCGH to detect mosaicism because of its increased dynamic range and higher sensitivity [13] . As this study did not aim to analyze the constitutions of embryos, the use of aCGH results was appropriate in this scenario. Second, not all of the infants were subjected to chromosomal analysis. At the time of PGT counseling, all patients were advised to perform amniocentesis after a clinical pregnancy had been established, but the telephone follow-up revealed that only some of the patients complied. Finally, this was a retrospective study, and selection bias might have been present in both groups. An additional well-designed prospective study is needed to confirm our findings.
In summary, live birth could be obtained following mosaic embryo transfer in 46.6% of cycles. After conception was established, the live birth rates of mosaic embryo transfer and euploid embryo transfer were similar. Given these outcomes, patients with no available euploid embryos could be counseled about the possibility of transferring a mosaic embryo. However, prospective studies are needed to confirm our findings. 
